Effect of solvent quality on the dispersibility of polymer-grafted spherical nanoparticles in polymer solutions J. Chem. Phys. 137, 094901 (2012) Grafting polymers to nanoparticles is one approach used to control and enhance the structure and properties of nanomaterials. However, predicting the aggregation behavior of tethered nanoparticles (TNPs) is a somewhat trial and error process as a result of the large number of possible polymer tethers, nanoparticles, and solvent species that can be studied. With the main goal of understanding how to control the dispersion and aggregation of TNP systems, molecular simulations and the hetero-statistical associating fluid theory for potentials of variable range have been used to calculate the fluid phase equilibrium of TNPs in both vacuum and in simple solvents under a wide range of conditions. The role of graft length, graft density, and solvent interactions is examined and trends established. Additionally, the fluid distribution ratio (k value) is used to study the solubility of TNPs in industrially relevant solvents including carbon dioxide, nitrogen, propane, and ethylene. C 2015 AIP Publishing LLC.
I. INTRODUCTION
The aggregation and dispersion of nanoparticles can have a significant impact on system behavior, such as enhancing physical, electrical, or optical properties. 1 Understanding what controls the aggregation and dispersion of nanoparticles is also important to the development of self-assembled functional nanomaterials and must be fundamentally understood to effectively control and tune the targeted properties. 2 Grafting polymers directly to a nanoparticle is one known approach used to control self-assembly [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and alter the physical and mechanical properties of the materials (e.g., critical point, melting point, solubility, strength, and ductility). [16] [17] [18] For example, grafted buckyball systems have been observed to provide up to a 3 order of magnitude increase in fracture toughness as compared to the polymers alone 19 and ionic-liquid grafted zirconia nanoparticles have been shown to provide excellent mechanical, electrochemical, and thermal stability for use in Li-ion batteries. 20 The tunable nature of grafted nanoparticles has been leveraged to enhance carbon dioxide capture, 21 and similarly, supercritical carbon dioxide has been used to improve the dispersion of nanoparticles in a polymer matrix. 22 Thus, changing the interactions of both the nanoparticle and polymer constituents, as well as the solvent matrix, can result in significant changes to the structure and properties of the system 16, [23] [24] [25] [26] which can be used to tune the resulting behavior. Molecular simulation has played an important role in understanding, and thus predicting, the behavior of tethered nanoparticles (TNPs). Simulations have been used to propose a) Author to whom correspondence should be addressed. Electronic addresses:
c.mccabe@vanderbilt.edu and christopher.r.iacovella@vanderbilt.edu design rules for the formation of a variety of complex phases in dense nanoparticle systems [15] [16] [17] [18] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] although less emphasis has been placed on developing design rules to control the fundamental aspects of aggregation versus dispersion. 25, 39, 40 While TNPs allow for many ways in which behavior can be tuned and controlled, it also creates a vast parameter landscape that is computationally expensive to explore via brute-force computation. Instead, a convenient and informative approach to explore this parameter landscape is to study changes to the fluid phase equilibria that result from changes to the TNP architecture, interactions, solvent properties, etc. For example, changes to the critical temperature, T c , that result from parameter changes provide information on the characteristic interaction energy between TNPs, e.g., a decrease in T c indicates a reduction in effective interaction strength between TNPs. Additionally, the coexistence envelope specifically identifies the TNP phase (i.e., aggregated versus dispersed fluid versus dense fluid) and also identifies which system parameters can be used to tune this behavior via examination of the changes in critical density. The coexistence envelope also provides information regarding the TNP solubility that results from solvent-TNP interactions.
Previous molecular dynamics (MD) simulation studies of pure nanoparticle systems have demonstrated a strong dependency of the fluid phase equilibrium behavior of the system on the interaction potential between the nanoparticles, 41 e.g., the critical temperature and density were found to increase with increasing nanoparticle diameter where interactions become increasingly shorter ranged (relative to particle diameter) as nanoparticle diameter is increased. An alternative technique to using molecular simulation is to apply a theoretical approach such as the statistical associating fluid theory (SAFT).
An advantage of utilizing SAFT for thermodynamic calculations is the significant increase in speed as compared to molecular simulations, allowing a greater number of systems as well as larger molecules to be studied efficiently. Since the development of the original SAFT approach, numerous versions of SAFT have been proposed and applied to study a wide range of systems. 45 Of particular relevance is the SAFTvariable range (VR) equation of state, which describes chain molecules formed from hard-core segments that interact via attractive potentials of VR. 46 SAFT-VR has been applied to study the thermodynamics and phase behavior of a diverse group of fluids (from hydrocarbons [47] [48] [49] to polymer 50 and electrolytes 51, 52 ), including polymer tethered silica nanocubes 53 using the hetero-statistical associating fluid theory for potentials of variable range (hetero-SAFT-VR) approach. 54 Hetero-SAFT-VR allows the description of molecules formed from chains of tangentially bonded segments of different size and/or energy parameters rather than a homonuclear chain as in the SAFT-VR approach and is the basis of a more general heteronuclear group-contribution approach (GC-SAFT-VR). 55 For example, using the hetero-SAFT-VR approach to study silica nanocubes, 53 a reduction in critical temperature and critical density was observed as graft length was increased for systems with a single graft alkyl chain, while a reduction in critical density was observed as the number of grafts was increased.
These prior works, using simulation and theory, lay the foundation for understanding the ways in which the aggregation behavior of TNPs can be controlled through nanoparticle interactions, polymer grafting, and solvent interactions. Here, we explore this further through a combination of Brownian dynamics simulations using the volume-quench dynamics (QD) technique 41 and the hetero-SAFT-VR calculations to explore a coarse-grained (CG) model of a TNP. Specifically, the aggregation and dispersion behavior of a model polymer tethered silica nanoparticle system is explored with Brownian dynamics simulations for pure TNP systems, while the hetero-SAFT-VR approach is used to study pure TNPs and TNP systems in solvent. The coexistence behavior for each system studied is calculated and used to provide an efficient means to quantify the behavior of TNPs as a function of graft length, graft density, and solvent interactions. The simulation methodology for calculating the phase behavior of the TNP system is presented in Section II, an overview of the hetero-SAFT-VR equation as applied to the TNP systems is provided in Section III, the results and discussions are presented in Section IV, and conclusions are presented in Section V.
II. SIMULATION MODEL AND METHODOLOGY

A. Simulation model
In this work, a CG representation of TNPs is considered, generic enough to be widely applicable, but with interaction strengths directly relatable to experiments; the simulation model was also chosen such that it lends itself well to SAFT calculations. Here, parameters for silica are used to model the nanoparticle and parameters for alkanes are used to model the polymer tethers. Since the goal is to examine the behavior of a generic TNP system with realistic interactions, we present all results in reduced units, scaled relative to the characteristic values of a CH 3 pseudo atom. As such, the silica nanoparticles are represented by a single spherically symmetric site with diameter ∼1 nm; following Ref. 56 . The nanoparticles are assumed to be composed of a spherical Si 6 O 12 particle that interacts via a 12-6 Lennard-Jones (LJ) potential with σ = 6.2 Å and ε/k B = 1560 K. This interaction strength is similar in magnitude to the well depth of ε/k B ∼ 1000 K computed for ∼1 nm silica cubes in Chan et al. 57 using density functional theory. To provide a good approximation of the polymer interactions relative to the nanoparticles, tethers are modeled using a united-atom model, with interactions taken from the TraPPE force fields for alkyl chains developed by Martin and Siepmann, 58 as this force field was developed to provide accurate predictions of the phase coexistence. CH 2 pseudo atoms in the alkyl chain are modeled as a Lennard-Jones sphere with σ = 3.95 Å and ε/k B = 46.0 K. CH 3 pseudo atoms that terminate the polymer graft are also modeled as Lennard-Jones spheres with σ = 3.75 Å and ε/k B = 97.94 K. We note that the epsilon parameters for nanoparticle-nanoparticle interactions are ∼34 times stronger than between two CH 3 pseudo atoms. For comparability with SAFT, the polymer grafts are free to move around the surface of the nanoparticle; the separation between the first bead (attached to the nanoparticle) and the center-of-mass of the nanoparticle is set to 1.54 Å via a stiff harmonic spring. Cross interactions are calculated using standard Lorentz-Berthelot 59 combining rules, viz.,
where ξ i j = 1.0. Interactions between polymer beads were cut off at 10 Å and nanoparticle-nanoparticle interactions at 15 Å; XPLOR style shifting starting at 0.5 Å prior to the cutoff was used to ensure that the well depth was not altered (i.e., a cubic spline is used to smooth the value to zero). Angles and dihedrals follow Martin and Siepmann 58 and bonds are treated as harmonic springs with spring constant taken from OPLS-AA 60 parameters for C-C bond interactions in alkanes, rather than using a fixed separation as in the original force field.
B. Simulation method
In all cases, simulations were performed at constant number of particles N, volume V , and temperature T (NVT), using the Langevin thermostat in the Graphics Processing Unit (GPU)-enabled HOOMD-Blue simulation package 61 for systems with 1000 tethered nanoparticle building blocks, where the number of grafts and length of the grafts is systematically varied to probe the trends, ranging from a single graft to six grafts and from as short as 2 to 18 beads per graft. Systems were initially equilibrated as fluid states (i.e., single phase), in boxes with aspect ratio 2:1:1. This ratio was used to provide sufficient contrast between the liquid and vapor phases in the quench dynamics approach, as discussed below.
The fluid phase equilibrium was calculated using the volume-QD technique. 41 Both temperature and volume QD J. Chem. Phys. 143, 054904 (2015) FIG. 1. Schematic representation of the quench dynamic method, shown for 1000 TNP building blocks, each with a single 12 bead tether (13 000 total particles).
A bulk fluid state is first equilibrated. Next, the length of the box is instantaneously expanded and allowed to equilibrate, resulting in a two-phase system at coexistence. A histogram of the number density is constructed along the long dimension of the box; the average density of the dispersed and condensed phases is then computed from the respective regions of the histogram, taking care to exclude the interfacial region.
have been used to reproduce the Vapor-Liquid Equilibrium (VLE) of LJ particles 62 and investigate the behavior of model nanoparticle systems. 41 This QD method has also been used to investigate the saturated liquid densities of the Gaussian charge polarizable water model and the results were found to be in good agreement with those calculated using Gibbs ensemble Monte Carlo simulations and reported experimentally. 63 The basic algorithm involves initializing the system as a single fluid phase with periodic boundary conditions and then quenching the system into the coexistence regime by rapidly increasing the box length in one direction (in this case the x direction). The length in the x direction was chosen to be three times the size of the dense phase to minimize effects of the interface and ensure high-and low-density phases can equilibrate. The rapid density change provides a strong thermodynamic driving force, which allows for the formation of a two-phase system at coexistence. The system is then allowed to reach equilibrium, as indicated by convergence of the potential energy and density histogram, as a function of time. Since the free energy minimization is done by the system through the reduction of the interfacial area, the interfacial region will tend to remain planar, allowing the two regions to be clearly defined and the density histogram of each of the phases to be calculated. This general procedure is performed several times over a range of temperatures and the following relationships are then used to fit the fluid phase equilibrium data, 64 viz.,
Here, ρ L and ρ V are the high and low densities, respectively, C 1 , C 2 , and β are fitting parameters, and ρ C and T C are the critical density and critical temperature of the system, respectively. β is assumed to be 0.32 and is not a free parameter in the fitting, 65 0.32 is used rather than 0.5 as the simulations do provide the correct non-analytical scaling behavior near the critical point. Thus, the phase coexistence can be calculated for these complex building blocks in a relatively efficient manner and the information used to develop general trends without the costly sampling of very large regions of phase space. A schematic representation of the QD technique is provided in Figure 1 .
III. HETERO-SAFT-VR
The hetero-SAFT-VR approach allows molecules to be described as chains of tangentially bonded segments that can have different size and/or energy parameters that interact through an attractive potential of variable range. 49, 53, 66 In earlier work, the hetero-SAFT-VR approach was validated using isothermal-isobaric (NPT) and Gibbs ensemble Monte Carlo (GEMC) simulation data and shown to successfully capture the effects of interaction energy, segment size, and molecular structure on the PVT and phase behavior of heteronuclear diblock fluids. 49, 53, 67 In this work, the hetero-SAFT-VR approach allows us to model alkyl tethered nanospheres as a single nanosphere connected to several smaller segments that describe the alkyl tethers. Each segment in the model interacts through a square well potential,
where σ i j is the segment diameter, ε i j the well depth of the square well potential, λ i j the potential range, and r is the distance between the two segments. The inter-and intramolecular cross interactions between segments can be obtained from the Lorentz-Berthelot 59 combining rules expressed in Eqs. (1) and (2) for interaction diameter and well depth. The cross range parameter is obtained using the arithmetic mean given by Eq. (6),
In the hetero-SAFT-VR approach, the Helmholtz free energy is expressed as the sum of the contributions from the ideal A ideal , the segment-segment (monomer) A mono , chain A chain , and association A assoc interactions. The expressions for A assoc are not included in this work since the systems studied are not associating fluids,
Since the theory has been well documented, 54, 67 only a brief description of the main expressions is provided below.
The ideal Helmholtz free energy is given by
where ρ is the number density of chain molecules, N is the total number of molecules, k Boltzmann's constant, and Λ k the thermal de Broglie wavelength. The monomer free energy is expressed as
where m is the number of segments per molecule, a M is the free energy per monomer segment, which in turn is given in terms of the free energy of the hard-sphere reference fluid (a HS ), and the first (a 1 ) and second (a 2 ) perturbation terms associated with the attractive interactions, u i j (r). Finally, the free energy due to chain formation from monomer segments is given in terms of the background correlation function y
where the sum is over all bonds in the chain molecule and for a diblock system as in this work becomes
where N t is the number of tethers per molecule and m 2 is the number of alkyl segments per tether. Given that the silica nanoparticle is represented as a LJ sphere in the simulation model, the hetero-SAFT-VR parameters for nanoparticles are determined by fitting to pure LJ VLE data obtained from the grand canonical transition-matrix Monte Carlo simulation method with histogram re-weighting over a reduced temperature range of 0.70-1.20 at increments of 0.05, reported in Ref. 68 . The percentage absolute average deviation of the liquid density and vapor density (shown in Equations (12) and (13), AADL and AADV, respectively) were minimized. The resulting parameters for the bare Si 6 O 12 nanoparticle were determined to be σ = 6.977, ε/k B = 1507 K, λ = 1.554, and m = 1.0 with AADL = 0.467% and AADV = 6.45%. Comparing to the work of Peng 53 for a similar silica nanoparticle model, the potential used here is slightly shorter ranged (λ = 1.554 compared to 1.8) and slightly stronger (ε/k B = 1507 compared to 815.5 K),
The parameters for the alkyl tethers were taken from the linear expressions for the alkane homologous series provided by McCabe and Jackson. 49 For interactions between the alkyl segment and Si 6 O 12 nanoparticles, the well depth of the squarewell potential was scaled by ξ = 1.1 and the range scaled by γ = 0.95 as these parameters were found to provide better agreement between the coexistence behavior predicted by theory and simulation for a mono-tethered 12 bead system, although we note that combining rules (i.e., ξ = 1 and γ = 1) predict the same trends. The hetero-SAFT-VR approach will henceforth be referred to as SAFT for convenience.
To model systems with solvent, SAFT parameters have been taken from previous work 49, 50, 69 for several solvents of interest. Here, solvents are chosen that range from weakly interacting, such as nitrogen and carbon dioxide, to more strongly interacting ethylene and propane, where it is noted that carbon dioxide is widely used as a solvent for nanoparticles as part of the rapid expansion supercritical solutions (RESS) approach. [70] [71] [72] The solvent parameters are given in Table I 
IV. RESULTS
A. Pure TNP systems
The fluid phase equilibrium of the pure TNP systems was calculated using both the simulation-based QD approach and the SAFT-based approach. The fluid phase equilibrium is calculated as a function of the number of tethers in Figures 2(a) and 2(b) for QD and SAFT, respectively, for a fixed "composition" where in all cases 1000 total TNP building blocks were used (13 000 total particles). That is, the systems are fixed such that there are a total of 12 polymer beads; the only significant difference is the topological distribution of the polymer beads. For example, a di-tethered (N GRAFT = 2) system with 12 total beads corresponds to a system where the lengths of the two tethers are fixed at 6 beads each whereas, a quadtethered (N GRAFT = 4) system with 12 total beads corresponds to a system where the lengths of the four tethers are fixed at 3 beads each. Both approaches provide close agreement, e.g., a mono-tethered nanoparticle system with 12-carbon chains results in T * = 32.19 for QD, as compared to T * = 33.97 from SAFT; exact agreement is not expected given that SAFT exhibits classical behavior in the critical region rather than the non-analytical, 74 ,75 singular behavior seen experimentally and in QD. A simulation snapshot of the TNP system with a single 12-bead chain in coexistence is shown in Fig. 1 . Matching trends are also observed, where a clear reduction in critical temperature is observed as the number of grafts is increased. Calculations of the potential of mean force (PMF) (i.e., inversion of the radial distribution function (RDF)) of the nanoparticles at low density (i.e., in the dispersed phase), shown in Figure 3 , illustrate a transition from an effectively attractive to repulsive potential as the number of grafts is increased, consistent with prior work; 30 as the number of grafts is increased, the strong nanoparticle-nanoparticle interactions are shielded causing a decrease in the critical temperature, and, as such, changing the number of grafts effectively changes the interaction strength between the nanoparticle building blocks. Only minimal changes to the critical density are observed as the number of grafts are changed, which appears to be related to the overall conservation of building block composition.
In Figures 4(a) and 4(b) , the fluid phase equilibrium of a mono-tethered (N GRAFT = 1) system is presented for various graft lengths (8-48 beads), as predicted by QD and SAFT, respectively. Due to the efficiency of SAFT calculations as compared to QD, chains of 100 beads are also considered with SAFT. As can be seen from the figure, for both methods, as the length of the graft increases, both the critical temperature and density decrease, consistent with the work of Peng for grafted silica nanocubes. 53 This trend in critical temperature for the TNPs is the inverse of what is seen for pure alkanes, where critical temperature increases with increasing chain length. 49 The decrease in critical temperature with increasing chain length is consistent as the number of grafts attached to the nanoparticle is increased to two, as shown in Figures 4(c) and 4(d); however, the shift is less significant than was seen for the single graft system. In both cases, an increase in the graft length reduces the region where coexistence is observed with respect to density, providing a wider range where pure component systems are observed and thus a reduction in the regime where aggregates form. However, for systems with a higher grafting density, such as the quad tethered (N GRAFT = 4) systems shown in Figures 4(e) and 4(f), the critical temperature does not show a clear trend with increasing graft length, although the critical density is still reduced with increasing chain length. These behaviors are consistent between both the QD and SAFT results.
For a more complete view of the trends, in particular as a function of graft density, Figure 5 summarizes the critical temperature and densities for systems under various conditions calculated from SAFT. Figures 5(a) and 5(b) plot the critical points as a function of the number of grafts, for various graft lengths, as predicted from the SAFT calculations. In Figure 5 (a), we show that the critical temperature decreases with increasing chain length in systems with fewer than 4 grafts, however, the trend reverses for systems with greater than 4 grafts. This trend seen for the higher grafted density regime is consistent with behavior seen for pure alkane systems (i.e., increasing critical temperature with increasing polymer length); the transition at 4 grafts appears to be the cause of the unclear trends shown in Figures 4(e) and 4(f) . In Figure 5(b) , the critical density is plotted as a function of the number of grafts for various graft lengths and it can be seen that the critical density changes most significantly for systems with shorter grafts as compared to longer grafts. Critical temperature and critical density for long chain systems, e.g., 48 beads per tether, do not appear to depend strongly on the number of grafts, when N GRAFT exceeds 4; more generally as the number of grafts increases, the critical densities appear to approach limiting behavior for all systems considered. This behavior is consistent with structural phase diagrams seen in the work of Akcora et al. 15 for dilute polymer grafted silica nanoparticles, where the structure of systems with higher grafting densities shows little dependence on the number of grafts, and structural transitions are only seen as a function of graft length. As such, two different regimes of aggregation behavior are observed; those systems with low grafting density will see increased characteristic TNP-TNP interaction strength as graft length is reduced (i.e., increased tendency to aggregate), whereas those systems with higher grafting density will see characteristic TNP-TNP interaction strength decreased as graft length is decreased (i.e., reduced tendency to aggregate).
Figures 5(c) and 5(d) plot the behavior of systems as a function of the number of grafts, but where each line corresponds to a conservation of the number of graft beads (similar to the results in Figure 2 ). In Figure 5 (c), we find a consistent reduction in critical temperature as the number of grafts is increased. Longer grafts have a lower critical temperature than shorter grafts until a transition point is reached at 6 grafts per TNP, where this trend is reversed and shorter grafts exhibit a lower critical temperature than longer grafts. However, the differences between the systems appear less significant than those where the total number of beads is not fixed (Figure 5(a) ). All of the systems with fixed composition demonstrate roughly the same change in characteristic "energy scale" resulting from the increase in number of grafts (i.e., same changes in critical temperature). Further, in Figure 5 (d), it is again observed that there is a minimal reduction in critical density as the number of grafts is increased, but this behavior is most prominent for TNPs with longer chains. This suggests that the region where aggregates are found is not strongly influenced by the number of grafts when composition is preserved, and graft length is what must be changed in order to alter the phase envelope significantly.
To further quantify the aggregation/dispersion behavior, the fluid distribution ratio or k-value (k-value = y i (mole fraction of TNP in low density dispersed fluid)/x i (mole fraction of TNP in high density fluid)) is reported in Figure 6 the k-value as a function of number of beads and grafts. As the length of the tether is increased, the amount of TNP in the low-density dispersed phase is decreased. As the number of grafts is increased, the amount of TNP in the dispersed phase is increased for the short tethers (6 and 12), and decreased for longer tethers (24 and 48) , although the magnitude of the changes for 12, 24, and 48 bead systems are much less significant than for the shortest 6-bead case considered.
B. TNP + solvent systems
Given the close agreement between SAFT and simulation for systems in pure TNP systems (i.e., vacuum), SAFT is used to explore the addition of simple solvents to TNP systems, specifically carbon dioxide, nitrogen, ethylene, and propane. For the solvent + TNP systems, the effect of the architecture of the TNPs on the phase behavior and the solubility of the mixture is investigated. Figure 7 shows the T c * for TNP systems as a function of the number of beads and grafts for all four solvents studied at a reduced pressure, P * = 0.291, where T c * is reduced from the pure case with the addition of the solvent. T c * is also reduced as the interaction strength of the solvent is increased as shown in Figure 7 . More generally, as the value of mε increases (i.e., interaction energy scaled by the number of segments) the T c * is reduced. For the nitrogen, carbon dioxide, and ethylene TNP systems, as the number of TNP graft beads is increased, the critical temperature decreases, consistent with the systems in vacuum. Furthermore, as the graft length is increased, T c * is decreased until a transition point is reached, at which point the trend reverses, as seen in vacuum. Note that in vacuum, this transition point was seen at N GRAFT = 4, similar to the case of the weakest interaction solvent considered, nitrogen (Figure 7(a) ). In the case of propane, shown in Figure 7(d) , the results deviate from the other solvents and vacuum, where a crossover point is not observed. However, as the number of TNP graft beads is increased, the critical temperature decreases for all graft lengths considered, which is still consistent with the other systems. These differences are likely related to the strong attraction between the propane and the alkane tethers on the TNPs.
By analyzing the fluid distribution ratio, i.e., the k-value, the solvent that allows more of the TNPs to be present in the dilute fluid can be identified by the largest k-value. Figure 8 represents a system with 12 beads per tether at T * = 21.7 for all four solvents considered. In Figure 8 , the k-value is shown as a function of the number of grafts, from which it can be seen that as the number of grafts increases the solubility is reduced, although the changes are most significant for the strongly interacting propane solvent. It is also interesting to note that the kvalue decreases as the value of mε is decreased, demonstrating significant sensitivity to relatively small changes in solvent interaction strength.
Figures 9(a) and 9(b) report the k-value for TNPs with 6, 12, 24, and 48 beads per tether in nitrogen and propane as a function of the number of grafts. From the figures, it is clear that increasing the beads per tether also decreases the k-value, i.e., the TNPs exhibit decreased solubility. As the number of grafts increases for the weakly interacting nitrogen system (Figure 9(a) ), the k-value decreases for all chain lengths considered. Interestingly, the strongly interacting propane system ( Figure 9(b) ) demonstrates an increase in k-value as the number of grafts increases, for the shorter graft system, and a reduction in k-value as the number of grafts increases for the longer systems. For both the nitrogen and propane systems, the k-value does not appear to be strongly sensitive to the number of grafts for longer chains. As such, solvent interactions can be used to alter the aggregation/dispersion behavior of the TNPs, however, the way in which solvent influences the behavior depends on building block architecture (i.e., length and number of grafts) and the relative interaction strength of the solvent, and changing the solvent has the largest impact on the solubility.
V. CONCLUSIONS
Volume-quench molecular dynamics and the hetero-SAFT-VR equation of state have been applied to investigate the fluid phase coexistence behavior of alkane-tethered silica nanoparticle (TNP) systems. Utilizing a coarse-grained model for the TNP system, it is found that the critical temperature of the TNP systems decreases with an increase in the number of grafted chains on the nanoparticle surface, in agreement with the prior studies of Ref. 53 . This observation can be explained by the steric effect exhibited by the tethers as the grafting density is increased, that is, as the graft density increases, strong interactions between nanoparticles are shielded. However, these changes are less significant as the number of grafts is increased. For N GRAFT = 4, the temperature dependence is lost and at N GRAFT > 4 the trends reverse, with shorter chains showing a lower critical temperature as compared to longer chains, which is more consistent with behavior seen for pure alkane systems. As graft length increases, the coexistence region shrinks both the critical density and temperature, the latter of which is the opposite of that seen for pure alkanes. This is due to the tethers sterically hindering the structural aggregation of nanoparticles, resulting in the effective screening of strong nanoparticle interactions. It is also shown that the critical density changes most significantly for systems with shorter grafts as compared to longer chain systems. From these results, we can conclude that graft length needs to be considered as a variable to make significant changes to the phase envelope and thus the aggregation behavior of nanoparticle based systems, in agreement with combined simulation/experimental work of Ref. 15 . In addition, the solvating ability of common solvents is evaluated and the solubility of the TNP is shown to decrease as the number of beads and tethers is increased for several different solvents, however, strongly interacting solvents may exhibit altered trends. In addition, guidelines are provided to determine the most effective solvent to use based on the desired system characteristics. Overall, excellent qualitative agreement between simulations and the hetero-SAFT-VR calculations were found for the grafted nanoparticle systems studied. Furthermore, from the trends implied by the results of this study, design rules to control the fundamental aspects of aggregation versus dispersion can be developed. The changes to the phase envelope that result from architectural changes in the TNPs are connected to the aggregation and dispersion behavior of the system. In addition, the coexistence region identifies where aggregates are formed and thus the correct operating conditions required to achieve specific system characteristics, whether aggregated or dispersed.
